Abstract The diversity of microbial communities in three full-scale thermophilic anaerobic digesters which treated garbage, sewage sludge and livestock wastes (hereafter called TGD, TSD and TLD, respectively) was investigated using 16S rDNA clone libraries in triplicate. The population dynamics of TGD were also studied. The purposes were to show the microbial diversity in each reactor and to suggest which key microbes in a thermophilic methane digester fed with garbage, including a check of reproducibility and the suggestion of an error range in this molecular biology method. 736 clones were identified, and the maximum error was estimated to be around^10% for the same OTU (operational taxonomic unit) and for most detected OTUs. The most frequently detected OTU shows a close relationship to Uncultured bacterium clone MBA08, Unidentified bacterium clone TUG22 and Uncultured archaeal symbiont PA204 in TGD, TSD and TLD, respectively. The microbial population dynamics in TGD were studied over a period of 90 days, and the occupying ratios of Bacillus infernus and Methanothermobacter wolfeii were shown to change with the change in VFA concentration. From the dynamic change and characteristics of the microbes, it is concluded that Bacillus infernus and Methanothermobacter wolfeii played an important role and were recommended as key microbes in TGD.
Introduction
Anaerobic digestion has been widely used over recent decades for the treatment of a variety of high-strength wastes, such as garbage, sewage sludge and livestock waste. Due to the increasing necessity of preventing environmental pollution and saving energy, it is considered that the appropriate methods and policies for the treatment of garbage are bioconversion and the recovery of valuable materials, respectively. Thermophilic anaerobic digestion is reported as an appropriate and efficient system for the treatment of garbage. It produces fertiliser and recovers energy as methane gas (Hong, 2005; Park, 2005) . Recently, organic fertiliser is becoming more popular than chemical fertiliser for agricultural use.
In spite of progress in the methods for the treatment and recovery of garbage, little is known about which kind of microbe executes what kind of degradation and transformation in a digester. Many cases of failure in operating anaerobic digesters, such as the accumulation of VFAs, underline the need for more basic information on the biological aspects of the anaerobic digestion ecosystem. More information is needed about microbes and their diversity in an anaerobic digester, and it is necessary to know their biodiversity in a digester to confirm the potential of the reactor's operation.
The microbial communities in biogas reactors have been primarily studied by means of microbiological cultivation methods, but cultivation-dependent methods have limitations in elucidating diversity in the microbial ecosystem (Ward et al., 1990) . Thus, many component species may remain to be identified. Over several years, cultivationindependent molecular biological techniques were developed to study the complex microbial communities, and many reports suggested that there is a relationship between bioreactor performance and microbial communities, including the possibility of reactor control (Briones and Raskin, 2003) . However, there is still little information on the diversity and key microbes in the bacterial communities of thermophilic anaerobic digesters.
In this study, the diversity of a bacterial community in three full-scale thermophilic anaerobic digesters was investigated using 16S rDNA clone libraries in triplicate. The purposes were to discuss and confirm which molecular biology method is necessary to investigate biodiversity by checking reproducibility and error range and then to suggest the key microbes in a thermophilic methane digester fed with garbage.
Materials and methods

Samples
Sludge samples collected from three full-scale thermophilic anaerobic digesters were used in this study. They were selected by substrate parameters. The operation temperature was 50 -57 8C as a thermophilic condition, and the substrates fed with were garbage,sewage sludge and livestock wastes. These parameters are hereafter called; (1) Thermophilic Garbage anaerobic Digester (TGD), (2) Thermophilic Sewage sludge anaerobic Digester (TSD), and (3) Thermophilic Livestock waste anaerobic Digester (TLD). The characteristics of the substrates and the condition of each digester when samples were tested are shown in Table 1 . Samples were obtained from the operators and analysed by Japan sewage measurement methods. For TGD, samples were obtained five times over a period of 90 days to detect the population dynamics of the microbial community. All samples were kept under 4 8C until the extraction of DNA was done.
Molecular analyses
DNA extraction. Samples were collected directly from the reactor. Total DNA was extracted from the sample by using the DNeasy Tissue Kit (QIAGEN) according to the instructions of the manufacturer with some modifications (Cheon, 2006) . The quality of the DNA was checked by agarose gel electrophoresis. Extracted DNA was used as a template for PCR amplification.
PCR amplification and gel extraction. PCR using premix taq (Ex taq, TaKaRa) was performed according to the manufacturer's instructions with 5 mL of premix taq, 1 mL of template DNA, 50 pmol of each primer and 2 mL of double distilled water for 10 mL of PCR mixture. For the PCR of bacterial 16S rDNA, the primer set of UNIV519F (5 0 -CAGCMGCCGCGGTAATWC-3 0 (Lane 1991)) and UNIV1406R (5 0 -ACGGGCGGTGTGTRC-3 0 (Lane 1991)) were used to amplify an approximately 900-bp fragment with a PTC-200 peltier thermal cycler (MJ research). Several reports (Lane, 1991; Brownstein et al., 1996; Marcelino and Stephen, 1996; Orphan et al., 2000) confirmed that this primer pair is highly reproducible and appropriate even for quantification by a real-time PCR. The PCR protocol for bacteria consisted of a 5 min initial denaturation at 94 8C, 30 cycles of 1 min at 94 8C, 1 min at 68 8C and 1 min at 72 8C, followed by 5 min at 72 8C and incubation at 4 8C until processed further. The length of the amplified fragments were verified by 2% agarose gel electrophoresis (SeaKem GTG Agarose, Cambrex) and extracted by QIAquick gel extraction (QIAGEN), and the extracted solution served as a template for TA cloning.
Cloning of 16S rDNA. 16S rDNA fragments were cloned into a pCR4-TOPO vector (Invitrogen, Carlsbad) and transported to E. coli TOP10 cells with the ligation mixture. Colonies were assayed on LB-based agar plates containing Kanamycin (50 mg/mL), X-gal (40 mg/mL) and IPTG (40 mg/mL). The plasmids were extracted by QIAprep Spin Miniprep (QIAGEN).
Sequencing and phylogenetic analysis. Sequencing was conducted by the TaKaRa Bio Dragon Genomics Center (Mie, Japan) with UNIV519F primer. The method of PCR for sequencing was dye terminator (DYEnamic ET dye terminator, Amersham Bioscience) using TaKaRa PCR Thermal Cycler GP. Purification was conducted with Clean SEQ (Agencourt), and sequencing was done by MegaBACE1000. All obtained sequences were checked for chimeric artifacts by the Chimera Check program from the Ribosomal Database Project. Sequences with 97% or greater similarity were grouped into an operational taxonomic unit (OTU) by the Similarity Matrix program, and distributed into groups by the Classifier from the Ribosomal Database Project. Sequence data were compared with similar sequences in the National Center for Biotechnology Information data bank using the BLAST program. The obtained sequences of the 16S rRNA gene of each representative OTU were aligned with the CLUSTAL W package. A phylogenetic tree was constructed by the neighbor-joining algorithm using the Kimura-parameter. Bootstrap resampling analysis of 1,000 replicates was performed to estimate the confidence of tree topologies.
Results and discussion
Numbers of detected clones and OTUs and reproducibility among triplicate
The numbers of obtained clones and OTUs from each digester are shown in Table 2 . Obtained clone libraries are described as OTU. For a total of 736 clone libraries, an average score of 882 and an average similarity of 96.4% were obtained as the total average of three kinds of reactors using a Blastn search. The relative variation in the average numbers of clones and OTUs and the values of the Blastn average score among triplicates in each reactor were less than^10%. Maximum errors of detected OTUs among triplicates were measured as^5.6% for TGD,^3.5% for TSD and^6.7% for TLD. It was assumed that "an average^10%" of maximum error came from biases which occurred during several steps of PCR and cloning. Suzuki and Giovannoni (1996) reported that a 15% error was observed in PCR with Univ. 519F-1406R, and they predicted by modelling that the PCR-produced bias would be small in highly diverse templates. Nonetheless, most of the detected OTUs corresponded well among triplicate samples. It is considered that the errors are acceptable in order to detect the dominant microbe in the anaerobic digesters by considering the error range.
The average numbers of detected OTUs among triplicates were, 36 for TGD, 46 for TSD and 36 for TLD. Interestingly, the number of detected OTUs from TSD was more than those from TGD and TLD. It is thought that many types of microbes existed in substrates such as sewage sludge, and HRT of as long as 60 days in TSD.
Diversity of the microbial community
In Table 3 , the identified OTU and its ratio to total detected clones are shown. This result shows that various microbes were detected in each digester. Although some OTUs were detected from all reactors, such as Uncultured bacterium clone g3C1, Uncultured bacterium clone MBA08 and Unidentified bacterium clone TUG13, each ratio was different. This means that dominant microbes were different depending on operational condition and substrate, but the same microbes existed in different reactors under similar conditions. There were also unique microbes in each digester. The microbial properties in each reactor are as follows.
Microbial diversity in a thermophilic garbage anaerobic digester; TGD. The most frequently detected OTU shows a close relationship with Uncultured bacterium clone MBA08. Uncultured bacterium clone MBA08 is closely related to Clostridium cluster III and the genus Desulfotomaculum, but no cultured strain sequences match this sequence (Tang et al., 2004) . Bacillus infernus was a unique OTU in this digester compared with the others. Bacillus infernus is known as an acid-producing microbe from carbohydrate (David et al., 1995) .
Microbial diversity in a thermophilic bioreactor of sewage sludge; TSD. The most frequently detected OTU shows a close relationship to Unidentified bacterium clone TUG22. Unidentified bacterium clone TUG22 is affiliated with the Planctomyces class, but no sequences of rDNAs from cultured strains were matched (Sekiguchi et al., 1998) . The second most detected OTU was Uncultured bacterium clone MUNA06 which is closely related to Coprothermobacter proteolyticus (Tang et al., 2004) . Coprothermobacter proteolyticus is famous as a proteolytic acetogen (Ollivier et al., 1985) , and it is assumed that this microbe is related to the degradation of proteins in sewage sludge.
Microbial diversity in a thermophilic bioreactor of livestock waste; TLD. The most frequently detected OTU shows a close relationship to Uncultured archaeal symbiont PA204. This clone shows a close relationship to Thermoplasma acidophilum which is the famous microbe obligate thermoacidophile (Whitehead and Cotta, 1999) . Interestingly, Methanimicrococcus blatticola and Methanocorpusculum parvum were also detected from this reactor. Methanimicrococcus blatticola is known as a methanogen from methanol and methylamines (Sprenger et al., 2000) . Methanocorpusculum parvum is a methane producing microorganism from H 2 , propanol and butanol with CO 2 (Zellner et al., 1989) .
Population dynamics in a microbial community in TGD. The result of population dynamics analysis is summarised in Table 4 . Four more analyses of microbial communities in TGD were executed for 90 days to observe the change in diversity. The result of the first day is the average result in TGD mentioned above. 354 clone libraries (71, 92, 95 and 96 clones, respectively), 905 total average score and 95.7% of total average similarity were obtained for these four analysises. Uncultured clone MBA08 accounted for around 10 to 20% of total clones, and Clostridium sp. accounted for around 10%. Methanothermobacter wolfeii which is well known as a methanogen from H 2 and CO 2 (Alain et al., 2000) and Bacillus infernus which is known as an acid producing microbe (David et al., 1995) were detected; Their ratios changed remarkably from 1 to 20% and 4 to 25%, respectively. Bacillus infernus is strictly anaerobic, thermophilic (optimum at 61 8C), slightly alkaliphilic (good growth occurred at pH 7.3 to 7.8) and grows fermentatively on glucose producing acetate, lactate and butyrate (David et al., 1995) . These characteristics correspond significantly to the reactor conditions, such as anaerobic, thermophilic, pH, high carbohydrate content in substrate and detected VFAs concentrations. Therefore, this indicates that these OTUs were related to the degradation of carbohydrate to acetate, lactate and butyrate in TGD. The investigated microbial diversity in TGD showed very similar diversity to that of a laboratory-scale one-phase garbage methane digester reported by Cheon (2006) .
In Figure 1 , the dynamics of the microbial community and the change of VFAs concentration in TGD are shown. As mentioned above, the accumulation of VFAs is one of the reasons for failure in the operation of anaerobic digesters. The occupying ratios of Bacillus infernus and Methanothermobacter wolfeii changed sharply with the change of VFA concentration in contrast with that of the others. In particular, the occupying ratios of these two microbes were changed between, before and after the change of VFAs concentration. It is thought that the change in the characteristics of the substrate and operational conditions induced the change in biodiversity, that is, an increase in acetogen and hydrogenotrophic methanogen, such as Bacillus infernus and Methanothermobacter wolfeii. In addition, these microorganisms were also detected and are considered to be important organisms in a laboratory-scale thermophilic methane digester fed with garbage (Cheon, 2006) . From these results and the characteristics of the microbes, it is concluded that Bacillus infernus and Methanothermobacter wolfeii played an important role and were key microbes in TGD.
Conclusion
The microbial constituents of the three full-scale thermophilic methane digesters were analysed by 16S rDNA analysis in triplicates, and the population dynamics of the thermophilic methane digesters fed with garbage were also discussed. The results obtained are as follows:
(1) The maximum error from triplicates was estimated at around^10% for the same OTU. It was assumed that this error was caused by biases during PCR and cloning. Nonetheless, most of the detected OTUs corresponded well among the triplicates and hence the errors are considered to be acceptable for the purpose of detecting the dominant microbe in anaerobic digesters by considering the error range. (2) The dominant microbes in each reactor were presented by using a total of 736 clone libraries. The obtained numbers of OTUs were 36, 46, and 36 in TGD, TSD and TLD, respectively. The most frequently detected OTU showed a close relationship to Uncultured bacterium clone MBA08, Unidentified bacterium clone TUG22 and Uncultured archaeal symbiont PA204 in TGD, TSD and TLD, respectively. The dominant microbes were different depending on the operational condition and substrate, but the same microbes existed in different reactors under similar conditions. (3) The microbial population dynamics in TGD were investigated to observe the change in diversity over a period of 90 days for a total of 390 clones. From the results and the characteristics of microbes, it is concluded that Bacillus infernus and Methanothermobacter wolfeii played an important role and were key microbes in TGD. These results proved the applicability of the molecular biology method to investigate biodiversity and to identify key microbes in thermophilic methane digesters fed with garbage. 
